The electroluminescence of p-i-n diodes with fully strained Si 0.80 Ge 0.20 /Si(001) is dominated by radiative recombination in an electron-hole plasma. The recombination mechanisms and the band gap renormalization have been studied experimentally and by modeling. In order to minimize the influence of the SiGe/Si interface regions and thus to study the intrinsic behavior of strained SiGe, electroluminescence diodes with thick layers of SiGe in a metastable strain state have been investigated. To explain the electroluminescence spectra, the band filling model for an electron-hole plasma system and different broadening procedures have been investigated. This line shape analysis allowed the determination of the dependence of the renormalized band gap on carrier density and comparison with theoretical predictions was done. The low-energy tails of the electroluminescence spectra correspond to a broadening of the initial electronic states of the recombination process in electron-hole plasma system. The experimental data obtained from the line shape analysis of the electroluminescence spectra are in good agreement with previous results on spectral photocurrent and quantum efficiency measurements.
I. INTRODUCTION
The use of germanium in thick SiGe alloys, in SiGe/Si quantum wells, and in self-assembled quantum dots is of a great interest for integrated optoelectronics. 1 However, light emitters with reasonable quantum efficiency based on SiGe were not yet realized, the main obstacle being the indirect band gap character of this material. In spite of this character, no-phonon ͑NP͒ beside phonon-assisted transitions are observed in photo-and electroluminescence ͑EL͒ of SiGe single-and multiple-quantum-well layers at low temperatures. [2] [3] [4] The no-phonon transitions can appear due to fluctuations of alloying, doping, and strain, as well as by quantum confinement. At room temperature, the efficiency decreases by thermal activation of the injected carriers into the surrounding Si. By improving the diode structure, EL near the optical communication wavelength of 1.3 m can be obtained with SiGe diodes with an internal quantum efficiency ͑QE͒ of QE int ϭ0.1%, 5 while for nominally pure Ge islands, the diodes emit near ϭ1.55 m with QE int ϭ0.001%. 6 The plastic relaxation of thick SiGe layers can be avoided and a metastable strain state well above the critical thickness can be obtained by selective epitaxial growth on small area. 7 The optoelectronic properties and the QE of our SiGe diodes have been previously investigated. 5,8 -10 To understand the EL spectra for the further improvement of the QE, the properties of the high-density electron-hole system in thick fully strained Si 0.80 Ge 0.20 layers have been analyzed in the present article in more detail.
At a high density of the injected carriers, the excitonic system is transformed into an electron-hole plasma ͑EHP͒ by the metal-insulator Mott transition. The exciton binding energy is reduced to zero at the Mott transition density due to the screening of the electron-hole Coulomb interaction in the presence of many free carriers. The Mott critical density at temperature T can be estimated using the formula n Mott ϭ1.4⑀/8e 2 a B 2 KT where a B is the Bohr radius of the exciton, and ⑀ the static dielectric constant. For Si, the estimated n Mott value for 80 K is about 10 17 cm Ϫ3 . The aforementioned formula deduced in a Debye-Hückel model is a good hightemperature approximation experimentally verified for Si and Ge above the liquid-gas critical temperature. 11, 12 For a lower temperature, an approximation based on the ThomasFermi screening length can be written ͑see, for example, Ref. 13͒ . By a more complex theory based on random-phase approximation, an extrapolation at 0 K n Mott ϭ3ϫ10 16 cm
Ϫ3
can be estimated for Si.
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Below a critical temperature, the electron-hole system in Si and Ge can be in a gas or liquid phase of excitons. Depending on the concentration and temperature, the condensation of excitons into electron-hole droplets ͑EHDs͒ takes place. 14 -18 The carrier density within the droplets decreases by increasing the temperature, but remains much higher than the Mott critical value. For Si, the pair density within droplets is 3.5ϫ10 18 cm Ϫ3 at Tϭ5 K and decreases to 1.2ϫ10 18 cm Ϫ3 at the critical temperature of 23 K. 15, 16 For a uniform EHP, the plasma density and the shape of the luminescence spectra change with carrier injection level, while for EHD the carrier density and the spectrum shape remain almost constant with the injection intensity, only the droplet volume and the light emission intensity change.
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Due to the relative long lifetime of the carriers in highquality SiGe layers, the carrier density is higher than n Mott at a moderate injection level. For quantum well structures under normal injection conditions, the carrier density exceeds Mott density more easily, thus, the collective phenomena in the EHP have to be taken into account. 19, 20 In this work, the uniform EHP in SiGe is studied by an investigation of EL in SiGe fully strained epitaxial layers. The renormalized band gap of the EHP, dependent upon carrier concentration, was obtained by the line shape analysis of EL spectra and was compared with theoretical predictions. The low-energy tail modeling gives information about the energy uncertainty of the unielectron states involved in radiative recombination in the EHP system.
II. EXPERIMENTAL DETAILS
Diodes in the form of mesas ͑size 20-200 m͒ were selectively grown by low-pressure chemical vapor deposition at 700°C with the layer sequence n ϩ np ϩ : ͑1͒ n ϩ -Si substrate, ͑2͒ n ϩ -Si buffer, ͑3͒ n-Si buffer, ͑4͒ n-Si 1Ϫx Ge x (x ϭ0.20-0.28, thickness: 70-450 nm͒, ͑5͒ n-Si 1Ϫx Ge x (x ϭ0.02; 20-60 nm͒, and ͑6͒ boron-doped Si 1Ϫx Ge x (x ϭ0.02, thickness ϳ100 nm͒. The ohmic front and bottom contacts were evaporated Al/Au ͑or ZnO͒ and AuSb, respectively. Other deposition and diode fabrication details are given in Refs. 9, 21, and 22. The samples investigated are described in Table I . The EL spectra were measured using a Fourier transform spectrometer ͑BIO RAD FTS40͒. The doping profile was obtained from secondary ion mass spectroscopy ͑SIMS͒ measurements and the thickness of SiGe and Ge concentration from Rutherford backscattering spectroscopy ͑RBS͒ data. SIMS depth profiles were performed using a quadrupole instrument ͑Atomika 4000͒. RBS data were obtained using a 1.7 MV Tandetron accelerator.
III. EXPERIMENTAL DATA
A. Electroluminescence spectra EL spectra of fully strained diodes have been measured in the temperature range of 16 -300 K. At a given temperature, the shape and peak energies of the spectra depend on the injection level. Therefore, in order to compare the spectra of different diodes, similar injection conditions must exist. Spectra of different samples are shown in Fig. 1 for a current density of ϳ60 A cm Ϫ2 and a temperature range of 50-80 K, in comparison with the EL of pure Si diodes. The SiGe diodes have similar behavior with well resolved NP and transversal optical ͑TO͒ phonon-assisted transitions peaks at nearly the same energetic positions for all of the samples: E NP ϭ1005-1007 meV and E TO ϭ954-955 meV. The EL of pure Si diodes has a broad peak at 1078 meV at 50 K and the intensity remains almost constant up to room temperature. At higher temperatures, the broad NP and TO peaks of SiGe are partially superposed and an additional contribution from Si can be observed. The Si contribution observed for SiGe diodes increases with current injection and temperature and decreases with SiGe thickness d SiGe . 5 
Band filling effect
The high injection under EHP conditions corresponds to the band filling effect, i.e., the quasi-Fermi level lies in the band, at least for one of the bands ͑in strained SiGe, the valence band has a higher quasi-Fermi level relative to the band-see the discussion in Sec. IV C͒. The band filling can be observed experimentally by the effects on EL spectra ͑peak position E NP and peak width-Figs. 2 and 3͒, as well as by the effect on the temperature dependence ͑activation energy͒. 5 EL integral intensity decreases at higher temperatures due to the thermal activation of holes from the SiGe well into Si regions. The activation energy decreases by increasing the injection current due to the shift of the quasiFermi level relative to the bottom of the band.
In Figs. 2͑a͒ and 2͑b͒, the spectra are shown in logarithmic scale for different injection currents and temperatures. The NP and different phonon replicas of the SiGe EL can be observed, as well the low and high-energy tails. For energies above 1070 meV, the Si emission is also observed at higher currents or temperatures. Figure 2͑c͒ shows the curves of Fig. 2͑a͒ but shifted on the logarithmic scale to obtain tangent of curves on the low-energy side of the maxima. The width of the maxima clearly increases with current ͓see, also, the inset of the Fig. 2͑c͔͒ , therefore, the band filling model is suggested to be suitable for the shape analysis. However, while the peak width is always increasing with the current due to the band filling effect, the shift of the peak position to a higher energy can be compensated for by the decrease of the renormalized gap ͓Fig. 3͑a͒; see also Sec. IV C͔.
Influence of doping
At a low temperature, a doped buffer is observed to have only a slight influence on the spectra. This is due to the fact that recombination takes place only in SiGe, i.e., far away from the buffer/substrate interface. Similar spectra can be seen in Fig. 1 for samples with or without doping of the bottom part of the buffer layer. However, there are qualitative differences between the two diode types regarding the current injection dependency of the NP and TO peak positions. For a better comparison, the volume current density dependence was used (J vol -volume current density defined as the ratio of injection current to SiGe volume͒. Figures 3͑a͒  and 3͑b͒ The qualitative difference between the behavior of the peak position E NP with current can be explained by the different residual doping of the SiGe layer. We will see in Sec. IV that the interpretation of the line shape and peak position is a matter of the analysis of the radiative recombination in an EHP system. Here, many factors such as band structure, injection level, temperature, and doping were taken into account. The narrowing of the band gap by collective interaction ͑band-gap renormalization͒ compensates for the blueshift of E NP due to the band filling effect. The gap narrowing given by doping must be added to the gap narrowing of the EHP effect. The residual doping of ϳ10 18 cm Ϫ3 in SiGe of sample No. 1296 results in a significant band-gap narrowing and the additional EHP may have less of an influence on the band-gap renormalization. In this case, the band filling effect might be higher than the EHP-induced band-gap narrowing and the peak position makes a blueshift with injection.
In the next sections, the interpretation of the EL spectra will be given on the basis of the EHP model.
IV. LINE SHAPE ANALYSIS

A. Electron-hole plasma in SiGe strained layers
The critical temperature for the liquid-gas transition of the excitonic system in Si decreases under an external applied stress. The band structure is modified under stress, i.e., the number of subbands and equivalent minima which are essentially occupied by the injected carriers changes by changing the stress type. Strained Si 1Ϫx Ge x /Si(001) has four equivalent minima in the conduction band. For the valence band, the heavy hole band has the highest energy. 24 The same type of band structure is for Si under uniaxial ͑110͒ compressive or ͑001͒ tensile stress, i.e., four equivalent minima in the conduction band and one maximum in the valence band. For Si under uniaxial ͑110͒ compressive stress, a reduction of the critical temperature from 23 K to 16 K was found. 16 The critical temperature for liquid-gas transition in Ge is even lower, about 7 K. 17 Therefore, we can expect the critical temperature in SiGe strained layers to be reduced by FIG. 2 . Strained-SiGe EL spectra on logarithmic scale: ͑a͒ Spectra for different current values, at 25 K; ͑b͒ spectra for different temperatures, at 50 mA; ͑c͒ spectra of figure ͑a͒ but normalized to obtain a tangent-curves family ͑inset: The current dependence of the peak width-full width at half maximum͒. strain and also by the addition of Ge. Thus, our experimental data in the range of 20-80 K should correspond to an uniform spatial distribution of the EHP. In the EHP system, the collective interaction makes three contributions to the electron-hole energy of an uniparticle description: exchange, correlation and Hartree energies. 25 In three-dimensional ͑3D͒ systems, the Hartree energies of holes and electrons compensate for each other due to the local neutrality, in contrast to low-dimensional systems.
There are extensive theoretical studies devoted to the calculation of the exchange and correlation energies for a 3D EHP. Vashishta and Kalia 26 have published an ''universal'' formula for the sum of the exchange and correlation energy E ex :
where r s ϭ͓3/(4a B 3 n)͔ 1/3 is a normalized interparticle distance with density n of electron-hole pairs and Ry* is the Rydberg energy. The material-independent constants are a ϭϪ4.8316, bϭϪ5.0879, cϭ0.0152, and dϭ3.0426. With the equation for the exchange-correlation energy, the renormalized bandgap can be written:
where E g is the intrinsic gap. The Vashishta and Kalia formula was shown to be applicable to a number of nonpolar semiconductors.
17,18
B. Electron-hole plasma line shape model
Besides the NP peak, the highest contribution of the phonon-assisted emission is from the TO replica. In the uniparticle description of the EHP interacting multiparticle system, the electrons and holes are distributed on electronic states in conduction and valence bands. The thermal relaxation of the carriers within the bands is a fast phenomenon and the energetic distribution of carriers can be described by the Fermi function with quasi-Fermi levels ⑀ F e and ⑀ F h for electrons and holes, respectively. As can be seen by numerical simulation of the carrier injection in SiGe diodes 9 for high injection levels and for d SiGe ϭ70-400 nm, the carriers have a quasi-uniform distribution and the quasi-neutrality is satisfied in the SiGe region. Under these conditions, the radiative band-to-band recombination at a given energy h of the emitted photon is an integral over the carrier density in the valence and conduction bands. The theoretical approach of the EL spectra of EHP is given in Appendix A.
The total emission is given by superposition of the NP spectrum and all-phonon replicas with different ratios phonon/NP of the light emission r i ͓Eq. ͑A3͔͒. The computed spectra depend on a renormalized energy gap, quasi-Fermi levels, local temperature, and band distribution densities.
For the nondegenerate case, the quasi-Fermi levels are in the energy gap and the occupation probability of the band states is well described by the Boltzmann distribution. This is the case of moderate injection level and higher temperature, when the shape of the emission spectra depends only on temperature and not on the injection level.
At a high injection level and low temperature, the EHP corresponds to the degenerate condition, at least for one band. The shape of the emission peak depends on the band filling ͑carrier injection level͒ and temperature. In this case, by fitting the computed spectral shape ͓Eqs. ͑A1͒-͑A4͔͒ to the experimental curves, the values of the plasma density, the local temperature, and renormalized band gap can be evaluated.
The high-energy tail of the emission spectra can be well described with Eq. ͑A1͒ by assuming thermal activation of the carriers above the quasi-Fermi levels. However, the experimentally observed tail at the low-energy side ͓Fig. 2͔ cannot be explained by this equation. Equation ͑A1͒ is based on the assumption of parabolic bands D h (⑀)ϳ⑀ 1/2 without broadening of the electronic levels.
The low-energy tail of the emission spectra can be reproduced by replacing the ␦ distribution function in Eq. ͑A1͒
with a broad function such as Gauss or Lorentz functions, or a distribution function based on cosh Ϫ1 (x). 27 The Gauss function is appropriate for statistical fluctuations ͑alloy, doping, and/or thermal fluctuations͒. The Lorentz function is used to describe the uncertainty of energy levels due to a short lifetime. The cosh Ϫ1 (x) has no physical meaning but can describe the experimentally observed exponential tails. An exponential tail of the band state distribution was also used to describe the disorder effect and to explain the low-energy tails of the emission spectra. 28 Phenomena, like partial Auger recombination or plasmon interaction, may lead to low-energy tails of the spectra. 29 , 30 Landsberg pointed out that the final state of a recombination process has a strong lifetime broadening in a degenerate electron gas. 31 The carrier, which recombines radiatively, leaves a hole below the Fermi level and this excited state of the electron and hole ensemble has a short lifetime. It results in a broadening of the energy levels of the carriers involved in the recombination process. The broadening function is Lorentz type which gives the probability of having an effective photon energy different from the difference of the energies of the uniparticle initial states of the recombining the electron and hole. In this case, the electron and hole carrier distribution functions e,h (⑀) must be replaced by the convolutions of the carrier distribution with the Lorentz function ͓Eq. ͑A5͔͒ and the EL spectra are computed with Eq. ͑A6͒. The broadening parameter ⌫ e,h (⑀) of the Landsberg theory may be described by the simplified Eq.
͑A8͒.
A good agreement of the Landsberg broadening theory with experimental data was reported by Martin and Störmer 14 and by Schmid 15 for EHP in Ge and Si, respectively. In comparison to the no-broadening approach, some changes of the plasma parameters were obtained by considering the Landsberg broadening. However, disagreement of the Landsberg broadening with the experiments was reported, too. 17, 18, 32 Another broadening of the spectra can occur due to the uncertainty of the initial electron and hole states of the uni-particle approximation in Eqs. ͑A1͒ and ͑A6͒. The lifetime of the uniparticle states may be very short due to the multiparticle interaction in the dense EHP. In the case of the initial state broadening, the Fermi function is taken out of the convolution integral in Eq. ͑A5͒. For a real case, energy broadening for both initial and final states has to be considered.
C. Results of line shape analysis of electroluminescence spectra
In general, it is accepted that taking the low-energy tails into account only slightly affects the value of the plasma parameters which can be found by fitting to the experimental data, in comparison with a fit without tails. The differences increase with injection level and/or temperature when the NP maximum and phonon replica are not well resolved. Figure 2͑a͒ shows curves at 25 K for various current values. The tails of the spectral maxima are put into evidence in logarithmic scale. The main contribution to the spectrum is given by the NP and TO maxima of the SiGe layer. On the high-energy side, the decreasing slope depends on temperature in agreement with the thermal activation of the carriers to higher-energetic levels. At low injection currents, a shoulder due to the TOϩO ⌫ transitions is observed. This small contribution is dominated by the low-energy tail at higher current values. The shape of the low-energy tail is weakly dependent on current or temperature, and can be described by an exponential function ϳexp(E/E 0 ) with E 0 energy of 42 meV and 13 meV ͓Fig. 2͑b͔͒.
The exponential tails on the low-energy side suggest a possible explanation based on exponential localized tails of the conduction or valence bands. The exponential band tails are common for disordered materials, and the argument for disorder in SiGe is the existence of alloying fluctuations. By supposing exponential band tails, we have obtained relatively good fit for some of the EL spectra. However, the localized tail model disagrees qualitatively with the experimental data: The low-energy tails of the EL in this model must decrease with injection current. What we observe is that by increasing the current, the experimental curves in Fig.  2͑a͒ show a slight increase of the low-energy tail relative to the spectral maximum. Therefore, we are forced to conclude that the low-energy tail of the EL spectra is caused by other phenomena. These can be Landsberg broadening or plasmon/ multiphonon replica.
In order to find out the appropriate fitting to the lowenergy tails, we performed for two current values, four fittings with different formulas for the broadening parameter and the carrier distribution function: For all of the cases, the electron broadening parameter was approximated to a zero value ͓⌫ e ϭ0, e conv ϭ e Eq. ͑A2͔͒ due to the smaller conduction band filling effect, as will be discussed next. The calculated spectra were obtained by a superposition of the NP maximum with phonon replicas TO Si-Si , transverse acoustic, TO Si-Ge , and TOϩO ⌫ with the relative intensities r i of 80%-90%, 10%, 7%-15%, 2%-3%, and phonon energies E phon of 55-56 meV, 16 meV, 49 meV, and 112 meV, respectively. Figure 4 shows that except for the zero broadening case, the low-energy tail can be reasonably fitted for all broadening cases. Thus, the Lorentzian convolution gives a good simulation of the logarithmic slope ͓Fig. 2͑b͔͒ with only one parameter ⌫. However, the Landsberg procedure with the convolution applied to the carrier distribution gives a slow slope tail also for the high-energy side, in addition to the tail given by the Fermi occupation function. This is observed for the high current curve in Fig. 4͑c͒ . The additional Landsberg tail at the high-energy side of the spectrum appears in the theoretical curves at all injection values. In Fig. 4͑d͒ , the Landsberg high-energy tail appears at a lower EL intensity than the experimental measurement range. Besides this qualitative discrepancy, the fitting parameter ⌫ 0 in Eq. ͑A8͒ differs for the zero-temperature estimation of the Landsberg formula. 31, 14 For example, an estimation for the valence Fermi level of 12 meV ͓at 20 mA, Fig. 4͑d͔͒ gives a value of a ⌫ 0 ϭ5.5 meV. From the fit, a ⌫ 0 value, nearly independent of the injection level, is obtained with a higher value ͓Figs. 4͑c͒ and 4͑d͔͒ than the Landsberg estimation. At lower injection levels, the tail is reduced by the decrease of the Fermi The qualitative discrepancy can be removed by considering the effective carrier distribution given by Eq. ͑A10͒ where the Fermi function is outside the convolution integral ͓Figs. 2͑e͒ and 2͑f͔͒. This approximation corresponds to the Lorentzian convolution of the density of state distribution instead of a convolution of the carrier distribution function, and some physical reasons for this approximation were discussed in Sec. IV B.
This better fit of the experimental data with the Fermi function outside the convolution integral raises fundamental question: ͑1͒ Is the low-energy tail controlled by the finite lifetime of the final state of the EHP assembly or ͑2͒ by the finite lifetime of the unielectron states due to the multiple interaction in the EHP system? The aforementioned results suggest that for high injection levels, the broadening of the initial unielectronic states is more important for the lowenergy tail of the light emission.
For a constant ⌫ value and a Lorentzian convolution applied to the density of states distribution ͓Eq. ͑A10͒ and ⌫ϭconstant], a good fit of the experimental curves is obtained ͓Figs. 4͑h͒ and 4͑g͔͒. In this case, for lower injection levels, the tails can be reduced by reducing the ⌫ value. This approach has the advantage that the convolution in Eq. ͑A10͒ has an analytic form for parabolic bands.
We can see that depending on the fitting procedure the plasma parameters change slightly for the same experimental curve, regarding, for example, the concentration p and the renormalized gap E g * ͓Fig. 4͔. The fitting results using the last procedure with a constant value for ⌫, are shown in Figs , information on the band structure is needed, i.e., the equivalent valley number n v e,h and the effective masses in m 0 units m ʈ e,h , m Ќ e,h . In Si 1Ϫx Ge x /Si epitaxial layers, the uniaxial stress changes the electronic band structure by splitting the degenerate bands. 24 The heavy-hole band becomes the upper valence band. For xϭ0.20, the layers are coherently strained, thus, the splitting energy between the heavy and light hole bands can be estimated to 40 meV. 33 In addition, the accumulation of holes in the upper valence band can increase the splitting of hole bands by affecting the mostly filled valley. 34 The strain induces also splitting of the six equivalent ⌬ minima of the Si-type conduction band. The minimum of the conduction band in compressively strained SiGe consist of four equivalent valleys. The splitting energy is above 40 meV for xϭ0.20 and even higher than for the valence band. 24 Therefore, we can consider for both bands the approximation of only one band model with equivalent valleys n v h ϭ1 and n v e ϭ4. The heavy hole effective masses in strained SiGe were theoretically estimated in Ref. 35 Figure 5͑b͒ shows the difference between the NP peak energy and the renormalized gap E NP ϪE g * . This difference increases at high injection levels, but, experimentally, only a small shift of the NP peak position is observed ͓Fig. 3͔ due to the compensation of the band filling by the reduction of the gap due to renormalization.
The renormalized gap decreases also by increasing the temperature as seen in Fig. 5͑a͒ ͑experimental points are at 20 K and 75 K for No. 1296͒. The temperature dependence of the renormalized gap was found by extending the shape analysis at higher temperatures. In Fig. 6͑a͒ , the temperature dependence of the renormalized gap at low injection current is shown comparatively with the optical band gap obtained by spectral photocurrent measurements. 8 The expected decrease with temperature is indeed observed. The small difference observed between the renormalized gap E g * of EL analyzes and the optical gap E g obtained from photocurrent investigations can be explained by plasma effects which exist under EL conditions even at a low injection current, in contrast with very low injection conditions of the spectral photocurrent measurements.
The E NP increases relative to the renormalized energy gap due to the thermal broadening of the distribution of injected carriers. This increase of E NP may compensate for or exceed the temperature decrease of the band gap. In Fig.  6͑b͒ , E NP obtained from the fit has a slow dependence on temperature for 100 mA and shows a blueshift for smaller injection current 10 mA. However, due to the superposition of the NP and TO maxima, the apparent experimental NP peak has a value E max ͑spectrum͒ which shows a fast redshift with temperature. Therefore, for obtaining reliable data about the temperature dependence of the NP peak or the band gap, careful spectral-shape analysis must be done.
The dependence of the plasma concentration on current density can be used to find the dominant recombination process. In . The straight line in Fig. 7 fits the EHP data well and corresponds to the total Auger coefficient C Auger ϭC e ϩC h ϭ1.4 ϫ10 Ϫ30 cm 6 s Ϫ1 , close to the value found by the modeling of the current dependence of the quantum efficiency 8 and to the values given in literature for Si and Ge. 38 For our experiments, within the temperature range of 16 -80 K, the plasma density was found for most of the measurements above 2ϫ10 17 cm Ϫ3 . In this experimental range, the line shape of EL changes with the injection level as expected for an uniform spatial EHP distribution. Only under certain experimental conditions, such as low temperature ͑16 K͒ and low current density ͑large diode area and small injection current, JϽ0.03 A/m 2 ), the shape remains unchanged when the current changes. For these curves, the fitting procedure gives a constant density of 2 -3ϫ10 17 cm Ϫ3 . This phenomena may be related to the alloy or/and doping fluctuations.
In conclusion, the shape analysis of the EL of strained SiGe has shown the dominance of EHP in the investigated injection level and temperature ranges. Good agreement with the theoretical predictions was found.
V. CONCLUSIONS
The line shape analysis of EL spectra was used to study the EHP in thick strained SiGe with xϭ0.20. In the case of thick layers, less influence on the EL spectra due to the interface SiGe/Si regions is expected. The thickness of strained SiGe layer was increased up to ten times the critical thickness for plastic relaxation by using selective epitaxial growth of small square mesas of 20-200 m width.
For the shape analysis, a superposition of NP and phonon replicas was considered. The spectra including the low- and high-energy tails are well described with the band filling model by the convolution of density of states distribution with a Lorentz function. Different procedures to describe the tails, including Landsberg broadening, were analyzed. The renormalized band gap in function of carrier concentration was obtained for different samples and compared with the theoretical prediction. The fitting points are close to the theoretical curve obtained using the universal formula of Vashishta and Kalia. The temperature dependence of the renormalized gap at low injection current and Auger recombination constant obtained by line shape analysis agree well with results obtained by spectral photocurrent measurements performed on the same diodes.
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APPENDIX: SPECTRAL FUNCTION OF LIGHT EMISSION IN ELECTRON-HOLE PLASMAS
The spectral dependence of the NP emission can be written as:
with the carrier distribution functions:
where D e (⑀ e ) and D h (⑀ h ) are the density of states for conduction and valence bands; f (⑀Ϫ⑀ F )ϭ(1ϩexp((⑀ Ϫ⑀ F ))/kT) Ϫ1 is the Fermi function for energy ⑀ and quasiFermi level ⑀ F ; E g * is the renormalized gap; the ␦ function assures the energy conservation law. All energies are relative to the bottom of the corresponding band. The matrix element M of the transition probability involving the initial state in the conduction band and the final state in the valence band is considered to be weakly dependent on the energies of the initial and final states and is taken outside of the integral in Eq. ͑A1͒. The broadening of the maxima due to alloy and thermal fluctuations is neglected, parabolic bands D e (⑀), D h (⑀)ϳ⑀ 1/2 are supposed in Eq. ͑A1͒. For the light emission with phonon participation, the renormalized gap E g * in Eq. ͑A1͒ must be replaced by E g * with r i the relative intensity phonon/NP emission. The spatial neutrality condition must be also satisfied in an uniform EHP system: ͵ 
